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 Abstract: Using nanoparticles to impart extrinsic rippling in graphene is a relatively new 
method to induce strain and to tailor the properties of graphene. Here we study the structure 
and elastic properties of graphene grown by chemical vapour deposition and transferred onto 
a continuous layer of SiO2 nanoparticles with diameters of around 25 nm, prepared by 
Langmuir-Blodgett technique on Si substrate. We show that the transferred graphene follows 
only roughly the morphology induced by nanoparticles. The graphene membrane parts 
bridging the nanoparticles are suspended and their adhesion to the AFM tip is larger 
compared to that of supported graphene parts. These suspended graphene regions can be 
deformed with forces of the order of 10 nN. The elastic modulus of graphene was determined 
from indentation measurements performed on suspended membrane regions with diameters in 
the 100 nm range. 
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Introduction 
Graphene has exceptional mechanical properties like the extremely high in-plane 
stiffness and superior strength [1, 2]. These properties are very important for applications in 
nanoelectromechanical systems, or to fabricate nanocomposites with graphene inclusions as 
structural material. The elastic constants of graphene obtained by various calculation methods 
are summarized in a recent review [3]. The Young’s modulus of monolayer [4] and few-layer 
graphene [5] was measured by AFM indentation on micrometre-scale suspended graphene, 
bridging trenches or wells etched in silicon dioxide. It was experimentally found that the 
graphene shows both non-linear elastic behaviour and brittle fracture [4]. Here, we were able 
to study the elastic properties of graphene suspended between SiO2 nanoparticles (NPs), by 
deforming nanomembranes with diameters in the range of 100 nm, i.e. one order of magnitude 
less than in previous experiments [4, 6]. We mapped by PeakForce® atomic force microscopy 
(AFM) the nanoscale mechanical properties of graphene transferred onto a continuous layer 
of SiO2 NPs. We showed the differences in adhesion and deformation characteristics between 
supported and suspended graphene regions by comparing the nanomechanical data with 
topography. Based on the acquired adhesion maps we identify extended graphene regions 
suspended between NPs and show that these suspended regions can be deformed by forces of 
the order of 10 nN. Additionally, by transferring graphene onto SiO2 NPs we introduced 
significant extrinsic rippling in graphene [7, 8]. Such rippling can affect the electronic 
properties of graphene by contributing to the scattering of charge carriers [9, 10]. 
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Nevertheless, rippled graphene can be good candidate for sensing, as simulations [11, 12] 
predict enhanced chemical activity in corrugated graphene. 
 
Materials and Methods 
Amorphous silica NPs with diameter of ~25 nm were synthesized according to the 
Stöber-method [13, 14]. First, a solution containing 50 ml ethanol, 1.594 ml of NH3 (32 %) 
and 0.44625 ml of ultrapure H2O was stirred for 30 minutes. Then, 2 ml tetraethyl 
orthosilicate (98 %) was added to this solution and stirred overnight. Finally the ammonia was 
removed by distillation at 60 °C. Langmuir-Blodgett (LB) films of the nanoparticles were 
prepared in a KSV 2000 film balance. The ethanolic solution of NPs was sonicated for 5 
minutes, then mixed with chloroform (Scharlau, reagent grade, stabilized with ethanol) and 
spread at the air/water interface. The particles were compressed at a barrier speed of 0.4 
cm
2
/s. When the surface pressure reached ~1 mN/m, the speed was lowered to 0.2 cm
2
/s. The 
LB films were prepared by vertical deposition (6 mm/min) at ca. 80 % of the collapse 
pressure, which was measured before. We used silicon wafers as substrates, cleaned with 
acetone, water, 2 % hydrofluoric acid solution, and finally rinsed in water. 
 Graphene was grown by chemical vapour deposition (CVD) on a 25 μm thick copper 
foil (99.8% purity). The CVD furnace was evacuated to ~10
-4
 torr and the temperature was 
raised to 1010 
o
C with H2 gas flow (~10
-2
 torr). When the temperature became stable, both 
CH4 (20 sccm) and H2 (5 sccm) were injected into the furnace for 8 minutes to synthesize the 
graphene. After the growth, we cooled down the furnace with a cooling rate of 50 
o
C/min. 
 The transfer of graphene onto the SiO2 NPs was done using thermal release tape (TRT, 
Graphene Supermarket) and copper etchant (20% of CuCl2 mixed with 37% HCl in 4:1 
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volume ratio). After etching the copper, the TRT holding the graphene was rinsed in distilled 
water, dried and pressed onto the nanoparticle-decorated Si surface. The sample was placed 
on a hot plate heated above the release temperature of the tape (90 
o
C). After 1 minute the 
TRT was removed, leaving behind the graphene on top of SiO2 NPs. The sample was 
annealed at 400 
o
C in N2 atmosphere for 2 hours in order to improve the contact of graphene 
with the NPs. 
 The sample was investigated both before and after annealing by a MultiMode 8 AFM 
from Bruker operating under ambient conditions. PeakForce® tapping mode was used to 
perform scans at well-defined forces. Peak Force tapping is a relatively new scanning mode, 
where the probe and sample are intermittently brought together (similar to Tapping Mode) to 
contact the surface for a short period, which eliminates lateral forces. While in Tapping Mode 
the feedback loop keeps the cantilever vibration amplitude constant, Peak Force tapping 
controls the maximum force (Peak Force) on the tip [15]. A complete force-distance curve is 
performed in every measuring point, while the z-piezo data of the cantilever is recorded at the 
maximum force between the sample and the cantilever. Analysis of force curve data is done 
on the fly, providing maps of multiple mechanical properties (e.g. adhesion, deformation, etc.) 
that have the same resolution as the height image. The maximum force can be changed in 
order to acquire images at different sample-cantilever forces. For the indentation experiments 
on suspended graphene, we used an AFM cantilever with tip radius R ≃ 8 nm and spring 
constant k = 10.4 N/m, as determined in situ by the thermal tune method [16]. 
 
Results and Discussion 
During the dry transfer procedure using thermal release tape, the CVD graphene 
breaks into sheets with different sizes, typically of several micrometres. The AFM 
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topographic image in Figure 1a shows the film of closely spaced SiO2 NPs, and a graphene 
sheet on top of NPs.  
 
Figure 1: Peak Force AFM images of graphene-covered SiO2 nanoparticle film. (a) AFM topographic 
data. (b) Adhesion map corresponding to the area in (a). (c) Line section along the white line in (a). 
 
Since the graphene follows the corrugation induced by the NPs it is hardly observable in the 
topographic image. The measurements were performed in PeakForce® mode, where the 
adhesion properties of the surface can be recorded in parallel with topographic data. Figure 1b 
shows the adhesion map of the area presented in Figure 1a. The light-coloured regions show 
increased adhesion between the sample and the AFM tip and these regions correspond to 
graphene-covered areas, whereas dark-coloured regions correspond to bare SiO2 NPs. A line 
section taken along the white line in Figure 1a is shown in Figure 1c, which shows the 
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corrugated nature of graphene. This line section was drawn intentionally to include pit, i.e. a 
dark-coloured spot on the topographic image. This pit corresponds to a small area on the Si 
substrate where no NPs are present, which allows measuring the diameters of the NPs.  
According to Figure 1c, the average height of the nanoparticles relative to the Si 
substrate is around 25 nm, which approximately corresponds to an average nanoparticle 
diameter. The line section also shows that graphene is completely separated from the Si 
substrate. It is either supported by NPs, either suspended between them, but it never reaches 
the substrate level. Note that the end part of the graphene sheet is back-folded, and this folded 
region is easier to observe in the topographic image (centre of Figure 1a). We marked with 
dashed line in Figure 1a-b the border of this back-folded graphene. 
 We acquired AFM images at different tip-sample interaction forces. For example, 
Figure 2a and 2b show the topographic images of the same graphene-covered area measured 
with tapping forces of 1 nN and 40 nN, respectively.  
 
Figure 2: Peak Force AFM images of SiO2 nanoparticle-supported graphene measured at a tip-sample 
force of (a) 1 nN and (b) 40 nN. (c) Height profiles along the line sections in (a)-(b) (black lines). 
7 
 
One can observe that the measured topography is slightly different in these two cases. To 
illustrate this, let us consider the two height profiles in Figure 2c, taken along the same line 
section (black line in Figure 2a-b), corresponding to the two different tapping forces. 
The height profile measured at 40 nN displays four peaks, while the profile at 1 nN 
displays only three. Additionally, at 1 nN the height values are considerably larger between 
the peaks. This shows that graphene is actually loosely bound to the nanoparticles, not 
following exactly their morphology. There are significant suspended parts between the NPs, 
and the low force used for the measurement does not deform the structure. In contrast, when 
imaged at 40 nN, these suspended parts are deformed and pushed against the underlying NPs. 
Hence, a fourth (smaller) peak is evidenced in the height profile in Figure 2c, which 
corresponds to a nanoparticle with smaller diameter. Comparing Figure 2a and Figure 2b, we 
can assert that in general, the NPs under graphene are better resolved when imaging at higher 
tip-sample forces. The light-coloured area in the centre of Figure 2a-b is attributed to a small 
cluster of nanoparticles which protrudes from the otherwise monolayer NP film. 
 Next, we annealed the sample at 400 
o
C in N2 atmosphere, in order to promote the 
adhesion [17] of graphene to the nanoparticle film. We showed previously that the nanoscale 
rippling of graphene on NPs can be modified by annealing, and a small compressive strain 
can be induced [18]. Indeed, after annealing graphene follows more closely the morphology 
of the NPs, as shown by the AFM image in Figure 3a, where graphene covers the entire area. 
Individual NPs can be very well distinguished. The corresponding adhesion map 
(Figure 3b) displays a variation of the adhesive force measured between the AFM tip and 
graphene. Comparing the adhesion map with the topography, it turned out that this variation is 
due to the condition in which graphene is present. Nanoparticle-supported graphene parts (e.g. 
blue circles in Figure 3a) display lower adhesion to the tip (blue circles in Figure 3b).  
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Figure 3: Simultaneously acquired Peak Force AFM images of graphene-covered nanoparticles after 
annealing. (a) Topography measured at a peak force of 8 nN. (b) Adhesion. (c) Deformation. (d) 
Typical force-distance curve (after Ref. [15]) indicating how adhesion and deformation data are 
extracted. Both the “approach” (blue line) and the “withdraw” (red dotted line) curves are displayed. 
Graphene is either directly supported by NPs (e.g. the areas denoted with blue circles in (a)-(c)) or it is 
suspended between them (e.g. the areas denoted with black (a) and white circles in (a) and (c)). 
 
These graphene parts are not deformed significantly during the AFM measurements (blue 
circles in Figure 3c). In contrast, the graphene parts suspended between NPs display 2-3 times 
larger adhesion to the tip (light-coloured regions in Figure 3b). In some cases we observe 
suspended graphene areas which can be considered as circular membranes with diameters 
around 100 nm. Such suspended graphene membranes can be deformed by the AFM tip, as it 
can be observed in Figure 3c. Here, the larger deformation data inside the white circle 
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corresponds to the suspended membrane marked also by white circle in Figure 3a. The 
deformation data in Figure 3c is calculated using the approach force-distance curve, and it is 
the difference in tip-sample separation from the point where the force is zero to the peak force 
point (Figure 3d). We performed nanoindentation experiments on the suspended graphene 
membrane in Figure 3a (black circle). The same area was scanned repeatedly by increasing 
gradually the peak force from 2 nN to 128 nN. A complete image was recorded for every 
force setpoint (F). Selected height profiles are shown in Figure 4a, which were taken along 
the same line section shown in Figure 3a (white line), extracted from the AFM images 
measured with the corresponding tip-sample force values. The force-induced deflection (δ) of 
the suspended graphene was measured as the difference between crests and troughs of the 
height profiles. Force-deflection data were obtained, as shown in Figure 4b. 
 
Figure 4: Nanoindentation performed on the suspended graphene nanomembrane marked with black 
circle in Figure 3a. (a) Height profiles taken along the same line section (white line in Fig. 3a), 
measured at different load forces (F). (b) Force-deflection data. 
 
We note that the deflection induced by larger forces is reversible, and the indentation does not 
lead to plastic deformation of the suspended membrane. We interpret the experiments in the 
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framework of the indentation model of a circular monolayer graphene using a spherical 
indenter [19]. The graphene area considered has a radius of approximately a = 45 nm (Figure 
3a, black circle), while the nominal radius of the AFM tip is R ≃ 8 nm. We fitted the force-
deflection data with 𝐹 = 𝑐𝛿 + 𝑑𝛿3, where the coefficients c and d are related to the Young’s 
modulus E and pre-tension 𝜎0 of a membrane of thickness h (0.34 nm for graphene) [4, 19, 
20, 21]. Since 𝑅/𝑎 = 0.177, we use the sphere load model (𝑅/𝑎 > 0.14), with  𝑑 =
𝐸𝑞3𝑎−2ℎ(𝑅/𝑎)1/4 [22, 23]. Here 𝑞 = 1/(1.05 − 0.15𝜈 − 0.16𝜈2) = 0.98, with 𝜈 = 0.165 the 
Poisson’s ratio for monolayer graphene [4, 24]. From the fit we obtain the tensile modulus 
𝐸 = 0.53 TPa. We carried out similar nanoindentation experiments on other suspended 
graphene nanomembranes as well, using stiffer AFM cantilevers [18], and we calculated the 
tensile moduli as above. We obtained an average Young’s modulus of Eavg = 0.88 TPa, which 
is close to the value of 1 TPa, found in previous experiments on both CVD-grown [6] and 
exfoliated samples [4, 25, 26]. The lower Young’s modulus obtained in this work is probably 
related to the deviation of the actual geometry of the suspended graphene and the indenter 
from the circular and spherical shapes, respectively, used to fit the results. Another difference 
compared to previous works is that we used the sphere load model due to the higher 𝑅/𝑎 ratio 
[19]. In this case the deviations from the ideal geometries can affect the result more 
significantly than in the case of point load model, where the radius of the graphene membrane 
is much larger than the radius of the indenter (𝑅/𝑎 <  0.03) [4, 19]. Based on the AFM 
images performed at different forces, we do not observe any movement of the silica NPs 
during the indentation. However, we cannot exclude that graphene can slightly slide on some 
NPs when measured at larger forces, which can increase the measured deflection data and 
thus lower the derived Young’s modulus.  
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Conclusions 
In summary, we have investigated by Peak Force AFM the properties of CVD-grown 
graphene transferred onto a Langmuir-Blodgett film of SiO2 nanoparticles. We showed by 
imaging at different interaction forces that the as-transferred graphene is only loosely bound 
to the nanoparticles, not following exactly their morphology. The binding of graphene to 
nanoparticles was improved by annealing. 
We revealed extended graphene regions suspended between silica nanoparticles by 
comparing the simultaneously measured topography, adhesion, and deformation maps. The 
observed spatial variation in the adhesion is due to the fact that suspended graphene displays 
up to three times larger adhesion to the AFM tip. These graphene parts are also deformed 
more significantly during the AFM measurements. We investigated the elastic properties of 
suspended graphene by performing local indentation experiments on nanomembranes of 100 
nm in diameter. We fitted the experimental force-deflection data using the sphere load model 
and obtained an average Young’s modulus of Eavg = 0.88 TPa. Finally, we showed that the 
extrinsic morphology of transferred graphene is regulated by the underlying nanoparticles, 
which can open new pathways to fine tune the properties of graphene. 
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